Optical imaging/tracking through scattering medium is a difficult challenge. We demonstrate a method using speckles with multiple bit depths to image objects through scattering medium. The image of the object can be reconstructed even if the speckles are binary. Speckles with different bit depths are obtained by quantifying the original speckle. And we discuss the application of binarized speckles in tracking moving object. The binarized speckles can be used to recover the track with high accuracy. The range of the object's motion can be much larger than the range of memory effect, as long as the object's size and the moving step are within the range of memory effect. Imaging and tracking with low bit depth have the potential to reduce the hardware requirements of camera and storage space of images.
Introduction
Optical imaging is one of the most important ways to obtain information. However, scattering media such as ground glasses, fog or biological tissues in the light path always affect image quality. Many approaches have been proposed to solve this problem over the years, such as adaptive optics [1] , time-of-flight imaging [2] , wavefront shaping [3] , [4] , transmission matrix measurement [5] - [8] and speckle auto-correlation method [9] - [15] . Speckle auto-correlation method has been proven to be a efficient method for non-invasive imaging through uncharacterized opaque media in the range of memory effect [16] - [18] . Imaging based on the speckle auto-correlation method can obtain images of objects through a scattering medium without any prior information [9] , [10] .
The memory effect indicates that the output light fields scattered by the diffuser are a series of highly correlated and shift-invariant speckle patterns when the incident beam is tilted within a certain range [16] . Recently, many methods for imaging through scattering media have been proposed based on the memory effect. Bertolotti [9] and Katz [10] have demonstrated noninvasive imaging through a scattering medium. As shown in these papers, the auto-correlation of the speckle pattern is identical to the auto-correlation of the object's image, so the object's image can be reconstructed by an iterative phase-retrieval algorithms [19] - [21] . Another method is measurement of the point spread function (PSF ) followed to recover the image with decorrelation techniques [22] , [23] . Fast imaging and color imaging has been achieved in article [22] and letter [23] using this technique, respectively. Ref. [24] has developed a method to obtain intensity transmission matrices of diffusers via spatial-correlation, which is a flexible access to PSF s. In addition, tracking of moving object can be achieved by speckles [25] , [26] .
A lot of measurements are required to image a dynamic object or to track a moving object. This bring a lot of calculating and storing pressure to the computer. At the same time, the camera needs a higher sampling speed. Considering this, sampling with low bit depth would be significance. The price of charge-coupled device (CCD) will increase, when the bit depth increasing. In this paper, we show that using speckles with low bit depths to recover the object, which means the requirement of cameras' hardware and the image storage space can be reduced. We implement a conventional speckle auto-correlation method to reconstruct the object's image and apply uniform quantization [27] , [28] on the raw data to achieve sampling compression of bit depth. When the bit depth of the quantized speckle increase, the quality of the recovered image can increase. The improvement of image quality is not obvious when the bit depth exceeds a certain value. We have experimentally proofed that a changed bit depth of the speckle has no significant difference effect on the speckle's auto-correlation. Further, we demonstrated that binarized speckles have the same accuracy compared to high bit depth speckles in the application of speckle cross-correlation tracking. Fig. 1 presents a schematic and a numerical example of the experiment for imaging through a scattering medium. The raw camera image is random and seemingly information-less image while imaging directly through a scattering medium ( Fig. 1a ). Speckle auto-correlation method has been proven to be a efficient method for non-invasive imaging through scattering media within the range of memory effect [16] - [18] . Furthermore, the auto-correlation of the speckle will be identical to the auto-correlation of the object. It means that the key factor for reconstructing the object's image is the relative position of a series of correlated speckles (produced by incident light with different angles), rather than the intensity information of these speckles. The memory effect range is usually estimated by its half maximum angle [10] , [16] , θ = λ/πl , where λ is the wavelength of light and l is the effective thickness of the diffuser. Figs. 1b-g show the process of numerical simulation. We use the image of letter H as the object (defined as O). The PSF has same form within the range of memory effect, so the camera image (defined as I) is the convolution between the object O and this PSF [10] , [22] , [24] . Here, we generated a random matrix as PSF by Matlab, thus the camera image can be simulated as I = O * PSF . The symbol * denotes convolution operation. The speckle (I) and its auto-correlation are shown in Figs. 1b and c, respectively. The object's image is reconstructed from this auto-correlation by the iterative phase-retrieval algorithm [9] , [10] , [19] , [20] (Fig. 1d ).
Simulations
We use the uniform mid-riser quantization to quantize the raw camera image [29] . The two outermost cells are semi-infinite [28] . The n-bit quantizer Q can be described as:
where δ is the quantizer step size, and the floor operator · returns the largest integer that does not exceed its argument [27] . In this paper, δ is satisfies the condition that max(I) − min(I) ≤ 2 n δ. So the quantizer is a model with a fixed dynamic range and resolution [27] . Then we apply 1-bit quantization on the I (Fig. 1b ) to get the quantized image, I 1 (the subscript 1 indicates the quantized bit depth), as shown in Fig. 1e . Fig. 1e is binary, so there are only black and white in this figure. Fig. 1f is the auto-correlation of Fig. 1e . The auto-correlation, R, is calculated by an inverse two-dimensional Fourier transform of its energy spectrum:
where denotes the correlation operation, and F T denotes the Fourier transform. Then the object's image is obtained from this auto-correlation by the iterative phase-retrieval algorithm [9] , [10] , [19] , [20] , as shown in the Fig. 1g . It can be illustrated from Fig. 1 that even a binarized speckle can be used to recover the object's image. We can see that the change of bit depth has little effect for the auto-correlation by comparing Figs. 1c and f.
Experiments
The experimental device diagram is shown in Fig. 2 . The object is illuminated by a collimated LED (M625L3-C1; Thoralbs) which is a spatial incoherent source at a wavelength of 625 nm. The light passes through the object (the letter X, its total length is 750 μm, which is within the memory effect range) before impinging on the diffuser (a 220 grit ground glass diffuser, DG10-220-MD; Thorlabs). The light from the scattering medium is limited by a aperture with 5 mm. And the image of the scattered light is recorded by a CCD. The distance from the object plane to the diffuser surface (u) is 190 mm. The distance from the diffuser surface to the CCD (v) is 100 mm. We can use the equation
to calculate the effective magnification [10] . The process of reconstruction is shown in Fig. 3 . The raw camera image (8-bit depth), autocorrelation image and reconstructed image (obtained by the iterative phase-retrieval algorithm) are shown in Fig. 3a 1-bit quantization on the raw camera image (the first row of Fig. 3a ). The images in second and third rows correspond to these speckles' auto-correlated images and the reconstructed images reconstructed by the iterative phase-retrieval algorithm.
The third row of Fig. 3 shows that the object's image can be reconstructed by speckles with different bit depth. Here, peak signal to noise ratio (PSNR) index is chosen for evaluating the quality of the reconstructed images, which is defined by
where D( j ) is the reference image, D ( j ) is the reconstructed image, and N indicates the number of total pixels. The PSNRs of the reconstructed images are shown in Fig. 3 . It can be seen that increasing the bit depth of speckles can improve the reconstructed images' quality, but the improvement is not significant when the bit depth exceeds a certain value. It means that cameras with inferior hardware conditions (lower bit depth) can be used to record, which can reduce the hardware costs. And the raw images with higher bit depth (larger file size) can be compressed of bit depth to reduce the images' storage space -especially in situations where a lot of image processing is required, such as real-time imaging of dynamic objects, tracking of moving object, etc -in applications about correlated speckle. The low bit depth speckles have a smaller amount of data, which means that the transfer speed of data is faster inside the camera, thereby increasing the sampling speed of the camera. This is helpful for rapid imaging/tracking of dynamic/moving targets. As shown in the second row of Fig. 3 , these auto-correlation images have no significant difference from each other. It means that some applications, only require auto-correlations of the speckles or cross-correlations between different speckles without reconstructing the object's images, compressing the speckles with low bit depth can hardly affect the results. The movement of a hidden object can be tracked in the lateral direction and axial direction by using the speckles' correlation [25] . This method does not require the reconstruction of the object's image, it only need the cross-correlation between different speckles to track the moving object. We then prove that compressing the bit depth of the speckles can hardly reduce the performance of tracking.
The experimental setup of tracking is implemented as shown in Fig. 2 . The object (Letter X ) moves with a constant speed (realized by a displacement platform). In this experiment, the object's movement is in a vertical plane. The actual track of the object is shown in Fig. 4d , moving along the x-axis and then along the y-axis, and finally returning to the vicinity of the initial position along the diagonal direction.
The images are recorded every time per x, y and d moves along x-axis, y-axis and diagonal direction, respectively, where x = y = 500 μm and d = √ 2 x. Here, the moving step must be in the range of memory effect. As shown in Fig. 4d , the images were recorded 10 times, 10 times and 8 times in the x, y and diagonal directions, respectively. Figs. 4a and b are two consecutive raw images of the object moving along the diagonal directional recorded by the CCD. Fig. 4c is the cross-correlation between Figs. 4a and b. The distance from the center position to the maximum point is proportional to the moving distance of the object [25] . The binary Figs. 4e and f are obtained by applying 1-bit quantization on the Figs. 4a and b. Fig. 4g is the cross-correlation between Figs. 4e and f. There is no significant discrepancy between Figs. 4c and g. Fig. 4h contains the recovered tracks from the raw speckles and the corresponding binarized speckles, respectively. The pixel value of the speckle's movement multiplied by the size of a single pixel is proportional to the actual moving distance of the object, and the amplification factor can be calculated by Equation 3 .
In order to get accurate trajectory information, accurate distance measurements of u and v (Equation 3) are required. In practice, it is difficult to achieve such accurate distance measurements. We define a coefficient (C) to denotes the relationship between the distance of the object's movement ( r) and the pixel value of the speckle's movement (P),
If we know r at a certain time and calculate the corresponding P, we can derive C by Equation 5 . In this experiment, the speckle shifts 20 pixels when the object moves 500 μm, and then C = 25 μm/pixel. Through the calculated speckle track (Fig. 4h ) and C, we can recover the object track, which is exactly consistent with the actual track. The result calculated by the raw speckle (8-bit depth) agrees well with the result calculated by the binarized speckle (1-bit depth) in Fig. 4h . It indicates that the speckle compressed with bit depth does not have an effect in this experiment. When the object moves along the vertical axis direction, the methods of recovering the track by using the binarized speckle can be analogized to the methods of paper [25] . Since the cross-correlation images are almost indistinguishable calculated from the raw speckles and the binarized speckles, the binarized speckles can still be used to recover the track with a high accuracy.
As shown in Fig. 4d , when the object's movement is within the memory effect for a single exposure, the actual range of motion of the object can be broad (far beyond the range of memory effect). The effective range of memory effect is approximated by the half width at half-maximum of the correlation function, uλ/πl , where l is the effective thickness of the scattering medium [9] , [10] , [25] . In this paper, the effective range of memory effect in the object plane is about 1.5 mm. The object size is 750 μm and x = 500 μm, which are all in the range of memory effect. But the total distance moved along the x-axis can be calculated as L = 4.5 mm, which is far beyond the range of memory effect. It means that the tracking based on memory effect can be used in more actual applications.
Conclusion
In conclusion, we show a method using speckles with multiple bit depths to recover the object. We implement a conventional speckle auto-correlation setup and apply uniform quantization on the raw data to achieve sampling compression of bit depth. Increasing bit depth of speckles can improve the reconstructed images' quality, but the improvement is not significant when the bit depth exceeds a certain value. Object images can be recovered by speckle with a low bit depth, indicating that the cameras' hardware requirement and the image storage space can be reduced. The speckles with low bit depth have a smaller amount pf data, indicating that the transfer speed of data is faster inside the camera and the sampling speed can be increased. We have discussed the application of binarized speckles in tracking moving object through a scattering medium. The results show that the binarized speckles can still be used to restore the track with high accuracy. And the range of the object's motion can be much larger than the range of memory effect, as long as the object size and the moving step size are within the range of memory effect. This work can find potential applications in reconstructing of the the object's image or tracking the moving object through complicated scattering medium, such as fog, underwater or biological tissues.
